Introduction
============

Effectively conserving migratory species requires knowledge of the demographic processes occurring at breeding, non-breeding areas, and the migratory pathways connecting these areas. Often, knowledge of connectivity between breeding and non-breeding areas is a limiting element for effective management and conservation ([@ref-15]). The demographic processes in one of these stages of a migratory species' life cycle are also likely to affect the others ([@ref-24]; [@ref-25]). Knowing where migratory species move and how they get there can also shed light on the metapopulation dynamics that may occur among distinct populations of these species, furthering our understanding of which 'stocks' within a population may be at higher risk of decline ([@ref-14]; [@ref-41]). Another goal of understanding migration is in identifying important stopover sites ([@ref-26]; [@ref-34]). Understanding migratory pathways and the role of migration along them in shaping the demography of populations can allow conservation practitioners to make complicated decisions about how best to spend limited capital ([@ref-10]; [@ref-11]). Estimating connectivity between breeding grounds, stopover sites and wintering grounds can help managers understand how management enacted on one part of the annual cycle will interplay with other parts of the annual cycle.

Large strides have recently been made in understanding inter-seasonal migratory connectivity ([@ref-38]; [@ref-30]), with new techniques currently being tested and implemented using stable isotopes ([@ref-20]), genetic markers ([@ref-32]), geolocators ([@ref-5]) and mark-recapture modeling ([@ref-6]). However, there are drawbacks to each of these approaches. Stable isotope analysis and genetic markers require rather expensive equipment, as there is some cost in developing the assays for the genetic marker analysis. Results from stable isotope studies may not be as accurate as basic probability models ([@ref-40]). Provided one has the equipment and the assays for genetic analysis, it would cost roughly \$10 (USD) per individual bird ([@ref-32]). This is still less expensive than the \$25 (USD) per sample for stable isotope analysis and the \$150 per unit for geolocators ([@ref-20]). In addition to their great expense, geolocators have also been shown to have a negative effect on survival and reproduction ([@ref-33]) and require recapturing the individual sometime after initial application to recover the location data. Modeling migratory connectivity via analysis of marked individuals requires capturing an individual at least once, then seeing that same individual and/or capturing it again. For some species, this has proven very difficult (e.g., Pied Flycatcher (*Ficedula hypoleuca*); [@ref-38]). Mathematical models, such as those used in modeling movement from marked individuals, are frequently seen as black-boxes ([@ref-2]) and not as transparent as simply attaching a geolocator to an individual and determining where it went once the bird is recaptured and the data are recovered.

While banding (ringing) data has its issues, it is still the most widely used and accessible way to estimate migratory connectivity. One may access more than 70 million banding and 5 million encounter records from the North American Bird Banding Laboratory (BBL) and over 10 million encounter records from EURING ([www.pwrc.usgs.gov/bbl](www.pwrc.usgs.gov/bbl); [www.euring.org](www.euring.org); [@ref-6]). Individuals may also receive information about birds they may have observed in the field and begin building a database through sites such as [www.bandedbirds.org](www.bandedbirds.org). Banding data has proven useful in many contexts, including movement estimation for many different groups including doves ([@ref-7]), waterfowl ([@ref-22]), shorebirds ([@ref-17]), raptors ([@ref-18]) and songbirds ([@ref-36]).

American black ducks (*Anas rubripes*, here after black ducks) are a harvested, international migratory waterfowl species in eastern North America ([@ref-23]). There were significant long term declines in black duck populations between the 1960s and 1990s according to winter count data and breeding season monitoring ([@ref-12]). Despite an extended period of restrictive harvest regulations ([@ref-16]) the black duck population is still below the population goal identified in the North American Waterfowl Management Plan (NAWMP) ([@ref-12]). The Black Duck Joint Venture (BDJV) was created in 1989 under NAWMP to develop monitoring and research programs that will aid in the continental black duck population achieving the NAWMP goal.

It has been hypothesized that density dependent factors restrict population growth in black duck populations and that habitat management (increases, improvements, etc.) may be a key component of growing black duck populations and reaching the prescribed NAWMP population goal ([@ref-9]; [@ref-12]). However, deciding how much habitat to preserve and where to acquire or restore that habitat at the continental scale to best benefit black duck populations is first and foremost limited by understanding how habitat management actions in any portion of the annual life cycle will affect the overall population ([@ref-13]; [@ref-12]). To aid in management decision making, the NAWMP has called for building and parameterizing full annual cycle (FAC) population models for black ducks, as well as many other waterfowl species ([@ref-4]).

Following the NAWMP, the framework for a FAC population model has been created ([@ref-31]) that fits the management units outlined by the BDJV. The first step in parameterizing a large scale optimal habitat management model for migratory species is understanding how wintering and breeding region populations are connected to each other ([@ref-21]). There have been studies conducted to evaluate black duck movement in the past; however, these studies used data from birds banded between 1971--1994 ([@ref-8]) and between 1965--1998 ([@ref-41]). These studies also used different regions in their movement estimations than the regions drawn by the BDJV. Here, we have updated the estimation of movement probabilities for black ducks using band recovery data. We estimate the number of birds banded in each of the seven regions defined by the BDJV and the subsequent movement of those birds among the regions. Our study adds 27 additional years of data to the most recent analysis for estimating cross seasonal, continental scale movements ([@ref-41]). Furthermore, we did not limit our data to only those black ducks that were banded in the traditional breeding areas and did not discard data for those birds migrating northward or not migrating at all as previous studies have done ([@ref-41]).

Materials and Methods
=====================

We obtained more than 50,000 band recoveries of black ducks banded in the United States and Canada from 1951--2011 from the BDJV. We only included birds that were banded during the preseason (1 July--30 Sept.) and recovered during the hunting season. Birds that were recovered in the hunting season immediately after they were banded (i.e., they were banded and recovered in the same year) and within the region in which they were banded were removed from the analysis. The removal of these birds was to ensure that the individuals at least had an opportunity to move between the banding and recovery events. Since migration occurs primarily between October and February, any birds recovered in those months that was banded in the banding period immediately preceding migration (that same year) were not included in our analysis. We split the data into seven regions (e.g., four breeding regions and three wintering regions; [Fig. 1](#fig-1){ref-type="fig"}) and black ducks banded in all of the seven regions were included in the study. The regional boundaries were set by the BDJV habitat integration working group as these are the regions that will be used for future simulation modeling to inform continental habitat management strategies ([@ref-13]; [@ref-12]; [@ref-31]).

![The conservation regions set by the Black Duck Joint Venture.\
Note that some regions are named relative to the known range of black ducks so that NW Canada is the part of Canada that is in the northwest part of the ABDU range, and not the true northwest portion of Canada.](peerj-04-1787-g001){#fig-1}

Using a hierarchical Bayesian approach, we calculated the probability (*π*) that an individual moved from region *i* to region *j*, was recovered (e.g., shot by a hunter) and reported as $$\documentclass[12pt]{minimal}
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}{}\begin{eqnarray*}{\pi }_{ij}={\Psi }_{ij}\lambda h \end{eqnarray*}\end{document}$$following [@ref-8], where Ψ is the movement probability, *λ* is the reporting probability and *h* isthe harvest rate in the region. Ψ was informed by an uninformative multinomial distribution (Dirichlet distribution) where the movement probabilities were constrained to sum to one. *λ* was drawn from a beta distribution with *α* and *β* parameters calculated so that the distributions for the reporting probability for each band type had a mean equal to the reporting probability of each band type provided by the BDJV (P Devers, 2015, unpublished data). This differs slightly form previous analyses where *λ* was assumed to be constant. We had multiple band types, each with different reporting probabilities. Previous studies have recommended including these data to analyses such as ours if it is available ([@ref-8]). We constrained *h* to be constant with respect to each region. As *h* and *λ* are confounded, this assumption must be made so that Ψ is identifiable. Therefore, a continental harvest rate was drawn from a beta distribution with *α* = 2 and *β* = 19 to produce a distribution with a mean of 0.055 (value for mean taken from [@ref-9]). The data (*D*~*ij*~; the number of birds recovered in region *j* that were banded in region *i*) was then modeled as binomial distribution $$\documentclass[12pt]{minimal}
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Results
=======

Once the data were constrained to the banding and recovery periods described above, we were left with 14,624 black ducks recovered in the United States and Canada from 1951--2011. Ducks that were banded in NW, SW, and NE Canada rarely stayed in that region during the migration period (3.3% for NW Canada; 0.2 % for SW Canada; 1.2% for NE Canada; [Table 1](#table-1){ref-type="table"}). Of the ducks banded in SE Canada, 13.5% stayed in the region; however, 39% of the ducks banded in NE Canada moved to SE Canada. For ducks banded in the S Atlantic and Interior regions, more than 50% stayed within the region during the migration period, while 29.4% of the ducks banded in the N Atlantic stayed in that region. For NW and SW Canada, about 90% of birds banded in those regions moved to one of the wintering regions. For ducks banded in NE Canada, 58% moved to one of the wintering regions, and for those banded in SE Canada, 80% moved to a wintering region. For ducks banded in the United States, more than 15% in each region moved north during the fall migration period.

Discussion
==========

Here, we have extended the previous efforts of [@ref-8] and [@ref-41] to estimate movement of black ducks. Our simple update to previous methods (incorporating multiple band types and their different reporting probabilities) has allowed us to include an additional 27 years of data. The reporting of different band types has changed over the years; from bands that required the person who made the recovery to mail the band and location to the bird banding laboratory, to those that require an easily accessible online form to be filled out. Occasionally, there are "reward" bands placed on birds that offer a reward to the person who reports the band (these are usually assumed to be reported at 100% and typically used to estimate reporting probabilities of non-reward bands). All of these band types have different reporting probabilities ([@ref-39]). In order to consider long-term movement probabilities, one must include them all rather than assuming one reporting probability or choosing a subset of data from bands with only one reporting probability. This was recognized by [@ref-8], who suggested the use of such data when possible. Being able to use long-term banding data for movement analysis allows us to detect trends in the movement data. For example, climate change has been shown to have an effect on waterfowl abundance and on timing of migration ([@ref-35]; [@ref-19]). Using a method such as ours, with multiple band types and allowing for birds that do not migrate out of their region, one could potentially determine how the movement (or lack of movement) of black ducks among regions has changed over time in response to changes in habitat availability, climate, or other aspects of environmental change.

Movement analyses may help influence habitat management by suggesting the most important regions used by the species of interest. Our results show that many black ducks use the Atlantic coast during the winter months. We estimate that 33--63% of black ducks, regardless of breeding region, move into or remain in either the N Atlantic or S Atlantic regions. This corroborates a recent meta-analysis suggesting the importance of the Atlantic coast as vital black duck wintering habitat ([@ref-29]). Further, [@ref-1] showed that habitat was the most important factor among a suite of variables for predicting winter black duck abundance in the Atlantic flyway. These studies, along with our movement analysis strongly suggest that habitat improvements along the Atlantic coast of the United States would greatly benefit the continental black duck population.

We found that black ducks generally exhibit flyway fidelity (e.g., individuals banded in the western breeding regions tended to over winter in western regions, but see above) similar to [@ref-3], [@ref-8], [@ref-41] and [@ref-22]. There may be some error or bias in the results. For example, some northward movements that we observed may be post breeding/fledging movement prior to migrating and settling into an over wintering home range. Using only birds banded in the preseason and recovered during the hunting season tried to limit the potential temporally caused biases in our results. Using large regional boundary definitions also reduces the effect of location reporting errors. Some of these northward movements may also be local scale movements of birds that, for example, were banded in northern Maine and recovered in New Brunswick some years later. If this is a concern, one could adjust the analysis to account for distance moved as well as movement across the boundaries of the regions. The regional boundaries also reflect the region definitions used in a larger population simulation modeling effort that will evaluate continental scale habitat management strategies ([@ref-13]; [@ref-12]; [@ref-31]). The objective of that annual cycle modeling effort is to identify which region and part of the annual cycle should habitat management be focused on to best benefit black duck populations ([@ref-31]). This analysis can provide a way to prioritize management efforts by acting as a component of a larger modeling effort ([@ref-10]). The results can be used in the recent projection modeling context to evaluate how habitat or harvest management actions in one region would propagate throughout the continental population of black ducks ([@ref-31]). The results of these analyses serve as the first step in parameterizing projection models and developing a framework for making continental scale habitat management decisions to support black duck populations and to fit the needs of the BDJV. Our results also demonstrate the potential utility of banding data for estimating interseasonal connectivity of migratory species, with much less expense than genetic, isotope or geolocator techniques.
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